The seashore, located at the boundary of the land and sea, is affected by waves and tides. It has a variety of topographical and ecological characteristics in the form of coastal sand dunes, shore cliffs, and tidal flats. Repeated erosions, sedimentations, and strong winds make the landform of this region unstable. The soil in the coastal region contains high levels of salt and the sandy soil does not efficiently collect water. Frequent rain or drought also appears to be due to influences from the Taebaek Mountains and anticyclones from the East Sea. Thus, the coastal environment is harsh for plant growth.

Despite these problems, many plants inhabit the Korean East Coast. Coastal plants play important roles in the food chain and in the natural habitat of the coastal ecosystem. In addition, coastal plants help microorganisms in the soil to degrade pollutants by providing favorable components like oxygen, bioactive substances, and nutrients. The roots of coastal plants also contribute to stabilization of sandy soils, like sand dunes, via tight anchoring to the rhizosphere.

Symbiosis between plants and microorganisms is very important for the settlement of coastal plants. Soil microorganisms are also directly connected to plant diversity and productivity \[[@B1]\]. Fungi interact with plants and serve as, a partner in plant growth and survival. Endophytic fungi in particular play a variety of roles in their hosts such as defense from pathogenic microorganisms, growth promotion, and solubilization of essential nutrients for host plant \[[@B2], [@B3], [@B4], [@B5]\].

The aim of this study was to identify the distribution of endophytic fungi and to analyze their diversity in the roots of coastal plants. On cliffs, sand dunes, and gravelly fields of the Korean East Coast, the isolation of endophytic fungi from plant roots was performed. Every fungal colony from a root was subcultured for isolation of a single strain and recultured to obtain enough mycelia for extraction of genomic DNA. After amplification of the internal transcribed spacer (ITS) region (ITS1-5.8SrRNA-ITS2), the DNA was sequenced and BLASTed against the NCBI GenBank sequence database. Fungi were then categorized into groups based on a phylogenetic classification system and the identity of the host plants. Through statistical calculation methods, the bio-diversity of each plant was then assessed.

MATERIALS AND METHODS
=====================

Plant materials
---------------

Samples from 12 plant species from the coastal cliff areas, sand dunes, and gravelly fields around Yeongdeok and Pohang were collected and used for experiments ([Fig. 1](#F1){ref-type="fig"}). The scientific name and code of plant samples are listed in [Table 1](#T1){ref-type="table"}. All herbaceous plant samples were collected by more than 5 heads except for Pinus thunbergii Parlatore, which is a woody plant. Each plant sample was collected from its plant colony within 1\~10 m^2^.

Isolation and culture of endophytic fungi
-----------------------------------------

For each plant, more than 80 pieces of root were used. The soil on the plant root samples was removed using incubation with Tween 80 for 10 min, followed by washes with distilled water. Samples were then incubated twice with 1% perchloric acid for 10 min. After preprocessing, the roots were cut into 3\~4 cm pieces and dehydrated. To isolate endophytic fungi, root samples were placed on Hagem minimal media (HM) containing 80 ppm streptomycin and incubated at 25℃ \[[@B6], [@B7]\]. Colonies at the tip of roots were streaked on HM and incubated again at 25℃. Fungal isolates were then transferred onto potato dextrose agar to obtain a pure culture. Pure cultures of endophytic fungi were cultivated in potato dextrose broth for 7\~14 days at 25℃ and 100 rpm. Finally, the samples were lyophilized and used for identification.

DNA extraction, PCR amplification, and the identification of fungal strains
---------------------------------------------------------------------------

The fungal genomic DNA was extracted using the DNeasy plant mini kit (Qiagen, Valencia, CA, USA) and identified by means of sequencing of the ITS region with the universal primers ITS-1 (5\'-TCC GTA GGT GAA CCT GCG G-3\') and ITS-4 (5\'-TCC TCC GCT TAT TGA TAT GC-3\'). The reaction cycles consisted of initial denaturation (95℃, 2 min), 35 cycles of denaturation (95℃, 30 sec), annealing (55℃, 1 min), extension (72℃, 1 min), and final extension (72℃, 7 min). The PCR products were analyzed using agarose gel electrophoresis with ethidium bromide (EtBr) staining. The products were purified using the QIAquick PCR purification kit (Qiagen) and sequenced by means of the ABI PRISM BigDye Terminator Cycle Sequencing Kit (PE Biosystems, Foster, CA, USA) on an ABI 310 DNA sequencer (Perkin Elmer, Foster, CA, USA). After preprocessing, the resulting DNA sequence was identified using the BLASTN tool of the National Center for Biotechnology Information (NCBI) nucleotide collection (nr/nt) database.

Statistical analysis of fungal communities
------------------------------------------

Fungal generic richness and diversity were analyzed at the genus level among the plant samples. Margalef \'s index (*Dmg*) and Menhinick\'s index (*Dmn*) were used to assess genus richness \[[@B8]\]. Fisher\'s alpha index (α), Shannon diversity index (*H\'*), and Simpson\'s index of diversity were used to evaluate genus diversity \[[@B9], [@B10], [@B11]\]. The formulas for all calculations method are listed in [Table 2](#T2){ref-type="table"}.

RESULTS AND DISCUSSION
======================

Identification of endophytic fungi
----------------------------------

The nucleotide sequences of endophytic fungi were registered in the GenBank database of the National Center for Biotechnology Information (accession Nos. JX238717\~JX238739, JX238758\~JX238905, JX238907\~JX238967, JX238969\~JX239035, and KJ511463\~KJ511464) ([Table 3](#T3){ref-type="table"}). A total of 194 fungal isolates were confirmed from plants in the Korean East Coast and classified into 31 genera and 69 species through comparisons with sequences in GenBank.

A total of 194 strains were categorized into the phylum Ascomycota. The class Eurotiomycetes (140 strains) accounted for the highest number of strains followed by the class Dothideomycetes (25 strains), Leotiomycetes (12 strains), Sordariomycetes (11 strains), Saccharomycetes (4 strains), and unclassified Ascomycota (2 strains). At the genus level, *Penicillium* accounted for the highest proportion (112 strains) followed by *Aspergillus* (21 strains).

The genus of each strain was noted and the proportion of each group at the class and genus levels was analyzed ([Fig. 2](#F2){ref-type="fig"}). Eurotiomycetes accounted the highest percentage at the class level; except for the plant Pa, Eurotiomycetes accounted for more than half of the fungi in every plant sample. At the genus level, *Penicillium* was the most prevalent (57.7%), followed by *Aspergillus* (10.8%), of the total fungal isolates in plant samples (except for Sm). The rest of the genera constituted 0.5\~2.6%. The distribution of endophytic fungi from roots of coastal plants in the East Coast was similar to that of Ulleung Island \[[@B12]\]. Several plants, including *Aster sphathulifolius*, *Plantago camtschatica*, *Sedum oryzifolium*, and *Setaria viridis* Makino & Nemoto, inhabit the Ulleung island in the East Sea. Ulleung Island in the East Sea, which 130 km from the Korean Peninsula. The climate and vegetation of Ulleung Island are thus very similar to the East Coast and members of the genus *Penicillium* accounted for the highest percentage there as well.

Fungal diversity at the genus level in the sampled plants.
----------------------------------------------------------

Depending on the plants, fungal isolates were categorized into 5 genera and 11 species from As, 6 genera and 9 species from Cd, 6 genera and 7 species from Cf, 6 genera and 14 species from Cj, 2 genera and 3 species from Lm, 5 genera and 5 species from Pa, 8 genera and 15 species from Pc, 8 genera and 14 species from Pt, 5 genera and 8 species from Sk, 6 genera and 7 species from Sm, 6 genera and 11 species from So, and 5 genera and 11 species from Sv ([Table 4](#T4){ref-type="table"}).

Based on counting of genera by plant samples, generic richness and diversity were calculated ([Table 5](#T5){ref-type="table"}). In terms of generic richness, Pc had the highest score in Margalef \'s index (2.38), and Pa had the highest score in Menhinick\'s index (2.04). In generic diversity, Pa exhibited the highest score according to Fisher\'s α (14.12) and Simpson\'s index of diversity (0.93), and Pc had the highest score according to Shannon\'s index (1.66). This result is likely due to the higher sensitivity of Fisher\'s α and Simpson\'s to evenness than Shannon\'s index \[[@B8]\]. Because the genus *Penicillium* was the dominant genus in all plant samples (except for Sm), comparison of evenness does not mean much. When looking only at results of calculations of diversity index formulas, Pa is regarded as the environment that the most diverse endophytic fungi can inhabit.

Symbiotic fungi can help plants overcome abiotic stressors like drought, heat, and salinity \[[@B13]\]. In particular, coastal plants are frequently exposed to salt stress from scattered seawater or via permeation of saline ground water. *P. funiculosum* and *P. janthinellum*, fungal strains identified there, reportedly promote resistance to salt stress in the host \[[@B14], [@B15]\].

*Penicillium citrinum* was isolated from Cf, Lm, and Sv. *P. citrinum* reportedly produces gibberellins for the host plant \[[@B16]\]. Gibberellins are essential for developmental stages, including leaf expansion, pollen maturation, seed germination, stem elongation \[[@B17]\], and affect the growth and settlement during the early stage of plant growth. Thus, these 2 species likely help their plant host to absorb nutrients, and they also promote host\'s growth.

Two of the identified species are known to improve the resilience of plant-host defense systems against pathogens. *P. simplicissimum* has been reported to activate multiple host defense signals \[[@B18]\] and *P. restrictum* exerts antagonistic action on pathogenic fungi \[[@B19]\]. Because plants are exposed to a large number of pathogenic microorganisms in the soil or air, it is important for plants to possess such defense systems.

In summary, a total of 194 fungal strains were isolated from 12 plants inhabiting the East Coast and were classified into 1 phylum, 5 classes, 11 orders, 16 families, and 31 genera. *Penicillium* (class Eurotiomycetes) was the most dominant genus followed by *Aspergillus*. The group of fungi isolated from *Phragmites australis* was the most diverse according to diversity analysis. Species helping plant growth and survival such as *P. citrinum*, *P. funiculosum*, *P. janthinellum*, *P. restrictum*, and *P. simplicissimum* were also identified. This study provides basic data on the symbiosis of coastal plants and fungi.
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The scientific name, abbreviated plant name, and taxon (family) of 12 sampled plants
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The diversity index formulas used in this study
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Partial identification of the 194 fungal isolates using the internal transcribed spacer sequence analysis
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^a^*Eladia saccula* = *Penicillium sacculum*.
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Diversity of fungal isolates according to host plant

![](mb-42-100-i004)

As, *Aster sphathulifolius Maxim.*; Cd, *Cynodon dactylon* (L.) Pers.; Cf, *Cerastium fischerianum* Ser.; Cj, *Cnidium japonicum* Miq.; Lm, *Lysimachia mauritiana* Larmark; Pa, *Phragmites australis*; Pc, *Plantago camtschatica* Cham.; Pt, *Pinus thunbergii* Parlatore; Sk, *Sedum kamtschaticum* Fisch. & Mey.; Sm, *Spergularia marina* (L.) Griseb.; So, *Sedum oryzifolium* Makino; Sv, *Setaria viridis* var. pachystachys Makino & Nemoto.
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Fungal diversity analysis using 5 diversity indices at the genus level
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As, *Aster sphathulifolius* Maxim.; Cd, *Cynodon dactylon* (L.) Pers.; Cf, *Cerastium fischerianum* Ser.; Cj, *Cnidium japonicum* Miq.; Lm, *Lysimachia mauritiana* Larmark; Pa, *Phragmites australis*; Pc, *Plantago camtschatica* Cham.; Pt, *Pinus thunbergii* Parlatore; Sk, *Sedum kamtschaticum* Fisch. & Mey.; Sm, *Spergularia marina* (L.) Griseb.; So, *Sedum oryzifolium* Makino; Sv, *Setaria viridis* var. pachystachys Makino & Nemoto.
